A b s t r a c t Honey is valued for its therapeutic qualities which are attributed among others to its antibacterial multifactorial properties. However, all the factors that influence these properties have not been identified. The present study is focused on the antibacterial action of fatty acids originating from royal jelly, the larval food of honeybees. Aliphatic C8-C12 acids characteristic of this bee product had previously been identified in more than fifty different samples of honey originating from seven countries and in eleven samples of Polish herbhoney. Experiments were performed to ascertain the influence of acidity on the antimicrobial activity of the acids. In acidic nutrient media all tested aliphatic hydroxyacids and unsaturated dicarboxylic acids demonstrated antibacterial action against different microbes with minimal inhibitory concentrations between 0.048 and 3.125 mM. Our results confirm that part of the antibacterial activity of honey contributes to these compounds of bee origin.
INTRODUCTION
Owing to antimicrobial and wound healing properties, honey is also widely used in apitherapy (Mizrahi & Lensky, 1996; Moore et al., 2001; Kwakman et al., 2010a; Al-Waili et al., 2011; Giles & Laheij, 2017) . There has been an upsurge of interest in the use of honey to control the growth of foodborne pathogens (Taormina, Niemira, & Beuchat, 2001; Fidaleo, Zuorro, & Lavecchia, 2010; Lee & Lee, 2016) . The antibacterial action of honey is attributed to high osmolarity, as well as to the content of methylglyoxal, MGO (Weston, Brocklebank, & Lu, 2000; Mavric et al., 2008; Sultanbawa et al., 2015) , the bee protein defensin-1 (Valachová, Bučeková, & Majtán, 2016) , phenolic acids (Aljadi & Yusoff, 2003) and hydrogen peroxide (Brudzinski, 2006; Brudzinski et al., 2011; Brudzinski & Sjaarda, 2015; Brudzinski et al., 2017; Grecka et al., 2018) . Besides these well characterized antibacterial factors, honey is thought to contain other unknown compounds with bacteriostatic or bactericidal activity (Kwakman et al., 2010b; Al-Waili et al., 2011; Bučeková & Majtán, 2016; Fyle et al., 2017) . This belief is based on the preservation of antibacterial activity by honey after the successive neutralization of H2O2, MGO and defensin-1 (Kwakman et al., 2010a) . Moreover, Bogdanov (1997) concluded that the high "residual" activity of honey was associated with its acidic fraction and was of bee origin. The acidic components of bee origin are represented in honey solely by the set of C8, C10 and C12 hydroxy fatty acids and unsaturated dicarboxylic acids typical of royal jelly(RJ) Isidorov et al., 2011) . A long time ago, Blum, Novak, & Taber (1959) determined that
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Antimicrobial activity of honey the main RJ acid, 10-hydroxy-2(E)-decenoic acid (10-HDA), possessed antibacterial activities. According to these authors, 10-HDA was less than one fourth as active as penicillin against Micrococcus pyrogenes and less than one fifth as active as chlortetracycline against Escherichia coli. The main goal of the present study was to evaluate the antibacterial activity of some of the RJ acids against a wide range of microorganisms, which had not been previously investigated. The inhibitory spectra of these acids were compared with the antimicrobial activity of acidic fraction extracted from lyophilised royal jelly.
MATERIAL AND METHODS
Materials 10-Hydroxy-2(E)-decenoic and 2-dodecene-1,12-dioic (2-DDecDA) acids were purchased from Cayman Europe (Tallinn, Estonia). 2-Hydroxyoctanoic (2-HO-C8), 8-hydroxyoctanoic (8-HO-C8), 9-hydroxydecanoic (9-HDAA), 10-hydroxydecanoic (10-HDAA) and 12-hydroxydodecanoic (12-HDAA) acids, and bis(trimethylsilyl)trifluoroacetamide (BSTFA) with added 1% trimethylchlorosilane were purchased from Sigma-Aldrich (Poznań, Poland). A commercial preparation of lyophilized royal jelly (lot 01032014) was obtained from Bartpol ® (Poland). The genuine multifloral honey was supplied by Bartnik Sądecki ® (Stróże, Poland) and pine herbhoney by Doctor Miodek™ (Białystok, Poland).
Synthesis of dec-2(E)-ene-1,10-dioic acid Dec-2(E)-ene-1,10-dioic acid (2-DecDA) was obtained by the oxidation of 10-HDA with pyridinium dichromate (PDC) according to the method by Corey & Schmidt (1979) . Commercial 10-HDA (74.4 mg, 0.4 mM) and 526 mg of PDC was dissolved in 3 mL of dry dimethyl formamide and stirred at ambient temperature under argon overnight. Water (5 mL) was next added and extracted with diethyl ether (3 × 5 mL). The combined extracts were washed with saturated NH4Cl solution and water. After anhydrous Na2SO4 -drying and evaporation to dryness, the crude solid product was purified through column (silica, ethyl acetate) chromatography. Fifty-five milligrams of crystalline 2-DecDA was obtained (69% yield with a melting point of 166-169ºC).
Extraction and analysis of lyophilized royal jelly
The sample preparation and GC-MS investigation of RJ acidic fraction were performed as previously described . In short, the friable contents of five capsules of Bartpol ® lyophilized royal jelly with a total mass of 505±10 mg was transferred to a retort and extracted (3 × 25 mL) with diethyl ether. The joint extracts were filtered, and the solvent was removed at 50 °C. The residue left on the walls (140± 5 mg) was washed with 10 mL of ether (extractions were performed in triplicates); 0.5 mL of this solution was evaporated and derivatized by BSTFA in dry pyridine. The trimethylsilyl (TMS) derivatives were analysed by capillary GC on a HP 7890A gas chromatograph with a 5975C VL MSD mass selective detector (for more details and chemical composition of the extract, see the Supplementary Online Material). To identify the separated components, both mass spectral data and calculated linear temperature-programmed retention indices (I T ) were used. Mass spectrometric identification was carried out with an automatic GC-MS data processing system supplied by NIST as well as with the authors' previously published data Isidorov et al., 2011; Isidorov, Bakier, & Grzech, 2012; Isidorov et al., 2015; .
Extraction and analysis of honey Acidic compounds were extracted from both genuine honey and herbhoney as described previously (Isidorov et al., 2011; Isidorov et al., 2015) . Briefly, 10g of honey were diluted in 50 ml of water and filtered through C18 extraction discs (Mallinckrodt Baker Inc.). The adsorbed compounds were eluted with 50 mL of diethyl ether. The solvent was evaporated and 220 μL of pyridine and 80 μL of BSTFA/TMCS was added to the dry residue. The reaction mixture was sealed and heated for 0.5 h at 60°C to obtain trimethylsilyl derivatives. The TMS derivatives and identification were separated as described above.
Microorganisms and culture media
The antimicrobial activity of aliphatic hydroxy and dicarboxylic acids was tested against Staphylococcus aureus PCM 2267 (PCM, Polish Collection of Microorganisms), Bacillus subtilis ATCC 6634 (American Type Culture Collection), B. cereus ATCC 14579, B. cereus F4810/72, emetic reference strain, B. thuringiensis IS5056, Paenibacillus larvae LMG 9820 (Belgian Coordinated Collection of Microorganisms), E. coli PCM 2268, Pseudomonas aeruginosa PCM 2270, and fungi Candida albicans ATCC 10231. All the microorganisms kept at -80ºC in the storage medium (Luria-Bertani, LB broth and glycerol at a ratio 1:1) were inoculated onto nutrient agar (bacteria) or Sabouraud agar (fungi) and incubated overnight at 37ºC.
Screening for antimicrobial activity
The antimicrobial activity of the acids was assessed by the minimal inhibitory concentration (MIC) in accordance with the Clinical and Laboratory Standard Institute protocols. Royal jelly aliphatic acids used in this study were dissolved in DMSO at a concentration of 100 mM and filtered with the 0.22-μm pore size Rotilabo-Spitzenfilter filter. To test the antimicrobial activity of all bacteria (except P. larvae), the solutions were serially diluted 2-fold in 2x concentrated Mueller-Hinton broth of pH 7.0 or 5. 1 (established before autoclaving with hydrochloric acid) in a U-shaped 96-well microtiter plate with a final volume of 100 μL and ranged from 0.049 to 50 mM. For P. larvae, the solutions were serially twofold diluted in 2x concentrated Mueller-Hinton broth, pH 7.2, as this bacterium does not grow in acidic medium. The microorganisms were cultured overnight in LB broth (S. aureus, B. cereus, B. thuringiensis, E. coli, P. aeruginosa, C. albicans) or Mueller-Hinton broth (P. larvae) at 37ºC with shaking (200 rpm). The cultures were suspended to a final optical density of 0.2−0.3 at a wavelength of 600 nm measured with a V-670 spectrophotometer (Jasco, Japan). For the assay, 100 μL of the bacterial suspensions was added to each well in the microtiter plate containing diluted acids and incubated for 48 hours (P. larvae) or overnight (the rest of the microorganisms tested) at 37ºC. To obtain comparable data, all the bacteria were treated under the same conditions. The MIC values were determined as the lowest concentration of the acids in the wells with no bacterial growth observed visually. All the tests were carried out in quadruplicate. Microorganisms cultured in LB or Mueller-Hinton broth, as appropriate, without the acids were applied as a positive control, while the LB or Mueller-Hinton broth supplemented with 10% DMSO was used as a solvent control.
RESULTS
Acidic fraction extracted from lyophilised royal jelly by diethyl ether included 28 TMS derivatives of C 8 , C 10 , C 12 and C 14 hydroxyacids whose share in the total ion current was 91.8%. In accordance with Melliou and Chinou (2005) and our previous data 2012) , the most abundant the identified compounds were 10-HDA, 10-HDAA, 2-DecDA, and 3,10-dihydroxydecanoic acid (the total list of identified compounds is presented in Tab. 1S in the Supplementary Online Material). The presence of aliphatic acids characteristic of RJ, the larval food of the honeybee (Apis mellifera L.), was demonstrated recently in different honeys from different countries (Isidorov et al., 2011; . In this study we present the typical chromatograms (previously non published) of acidic fractions extracted from the representatives of genuine honey and herbhoney. Fig. 1 shows a fragment of typical chromatograms of multifloral and pine herbhoney TMS derivatives. Besides the peaks of phenol carboxylic acids, the chromatograms also showed clear signals of hydroxy acids and unsaturated dicarboxylic acids that were detected in the royal jelly extract. The share of C 8 -C 10 royal jelly acids in the total ion current was 26.8% and 36.6% in the acidic fraction of multifloral and pine herbhoney, respectively. The antimicrobial activities of the aliphatic Antimicrobial activity of honey A: (1) 8-hydroxyoctanoic acid, (2) 4-hydroxybenzeneacetic acid, (3) 9-hydroxydecanoic acid, (4) 10-hydroxydecanoic acid, (5) 10-hydroxy-2-decenoic (10-HDA) acid, (6) p-coumaric acid, (7) 2-decene-1,10-dioic acid, (8) 3,10-dihydroxydecanoic acid (the extract also contains trace amounts of 7-hydroxyoctanoic, 2-octene-1,8-dioic, 3-hydroxydecanoic, and 9-hydroxy-2-decenoic acids). B: (1) 2-octene-1,8-dioic acid, (2) 8-hydroxyoctanoic acid, (3) 9-hydroxy-2-decenoic acid, (4) -homovanillic acid, (5) 9-hydroxydecanoic acid, (6) 10-hydroxydecanoic acid, (7) 10-hydroxy-2-decenoic (10-HDA) acid, (8) sebacic acid, (9) p-coumaric acid, (10) 2-decene-1,10-dioic acid, (11) 3,10-dihydroxydecanoic acid (the extract also contains trace amounts of 7-hydroxyoctanoic, and 3-hydroxydecanoic acids).
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acids typical of RJ were tested against the most known human pathogens associated with food and involved in such food toxicity or intestinal infections as gram-positive staphylococci and bacilli. These are represented in our study by S. aureus, Bacillus cereus, an emetic B. cereus reference strain F4810/72 and gram-negative bacilli, e.g. E. coli and P. aeruginosa. In addition, we expanded the number of tested bacteria by adding B. subtilis, a model gram-positive organism, and B. thuringiensis, representing bacteria often used as bio-insecticides. Considering the increased numbers of American foulbrood among honey bees (Skubida et al., 2014) , we also tested the antimicrobial effect of RJ acids against P. larvae, an etiological agent of this disease. In this study, we used strain P. larvae LMG 9820. To have a global view of the antimicrobial spectra of the chemicals used in the study, we also tested their activity against pathogenic fungi using a C. albicans strain. To test the antimicrobial activity of the selected RJ acids, we used the tube dilution assays.
The sensitivity of microbes were tested under neutral and slightly acidic conditions. As can be seen from data in Tables 1 and 2 , the tested acids demonstrated higher activity in experiments with acidic nutrient media.
DISCUSSION
The inhibitory activity of RJ against both grampositive and gram-negative bacteria had been demonstrated many years ago by McCleskey & Melampy (1938) , but their nature and the chemical composition of this honey bee product were not established for a long time. At the end of the 1950s, the aliphatic 10-hydroxy-2-decenoic acid (10-HDA) was identified as the main component of diethyl ether extracts from RJ (Butenandt & Rembold, 1957; Barker et al., 1959) . At the same time, the biological properties of RJ and its constituents were investigated, particularly the antimicrobial action of 10-HDA. Barker et al. (1959) stated that this hydroxy acid showed little or weak activity against a representative range of bacteria and fungi (the antibacterial assays were performed Table 2 . Antimicrobial activity of some of the royal jelly acids and the acidic fraction extracted from lyophilised RJ at pH 5. 1 by Glaxo Ltd.). In contrast, at the same time, another working group had demonstrated the high activity of 10-HDA against many bacteria and fungi (Blum et al., 1959) . This discrepancy is supposed to be related to the differences in antimicrobial assay conditions, namely, the acidity of nutrient medium. According to McCleskey and Melampy (1938) , the sterilisation of test cultures required only a few minutes at a natural acidity of RJ (pH 4.6), but required two days at pH 7.0. Blum et al. (1959) had observed high bactericidal 10-HDA activity under slightly acidic conditions, but after neutralization, the activity was considerably lower. To definitively ascertain the influence of acidity (i.e. ionisation state of tested acids) on the antimicrobial activity of RJ acids, we performed two series of experiments with the neutral and acidic nutrient media.
As can be seen from Tab. 1, which presents the results of antibacterial assays under neutral conditions, the majority of the tested acids demonstrated only weak antibacterial activity (MIC >1000 μg/mL). Moderate action of 10-HDA against P. larvae and C. albicans as well as unsaturated dicarboxylic acids 2-DecDA and 2-OenDA against tested gram-positive bacteria was observed. Another unsaturated dicarboxylic acid, 2-DodecDA (known as traumatic acid), also moderately inhibited the growth of B. cereus with MIC ~570 μg/mL. In agreement with observations by Blum et al. (1959) , 10-HDA and RJ acids demonstrated much higher activity against bacteria and fungi when acidification of the nutrient medium was adjusted to pH 5. 1, i.e. typical acidity of genuine honeys (Fyfe et al., 2017) . Tab. 2 presents the MIC values, which as a rule are an order of magnitude lower than that detected under neutral conditions in Tab. 1 and higher inhibition was observed in the assays with 9-HDAA against gram-positive bacteria. Interestingly, an emetic B. cereus reference strain F4810/72 demonstrated the highest susceptibility in relation to nearly all tested acids. Also remarkable, the growth inhibition of the diethyl ether extract of lyophilised royal jelly (its acidic fraction) was more pronounced under both neutral and acidic conditions, than separate acids found in this honey bee product. This testifies to a significant synergistic effect of different RJ extract components. Overall, 47 hydroxy and dicarboxylic acids were registered in crude royal jelly (Isidorov et al., 2012) . Ten acids characteristic of this bee product were identified in different quantities and in different combinations in the analysed honey and herbhoney samples: saturated 7-and 8-hydroxyoctanoic, 3-, 9-and 10-hydroxydecanoic, and 3,10-dihydroxydecanoic acids, as well as unsaturated 9-hydroxy-2-decenoic, 10-hydroxy-2-decenoic, 2-octene-1,8-dioic, 2-decene-1,10-dioic acids (Isidorov et al., 2011; . One of them, 2-DecDA was also detected in New Zealand manuka, kanuka and white clover unifloral honeys in concentrations from 3.5 to 181.2 μg/g (Tan et al., 1988) . Recently, 2-decenedioic acid and its glycoside were investigated in some Scottish honeys, but the exact chemical structures of the components were not determined (Fyfe et al., 2017) . The quantity of the aliphatic royal jelly acids in different samples of genuine honey and herbhoney varied from 6 to 209 μg/g (n = 65; Isidorov et al., 2012, and unpublished data) . It was proposed that RJ components produced by the mandible and hypopharyngeal glands of worker bees enter the honey at the time of nectar processing (Isidorov et al., 2011) . Hence, the content of these bee-derived compounds varies depending on the bee family's physiological conditions i.e. number of young workers capable of participating in nectar processing and accessibility of protein-containing forage, which is a precursor of RJ in workers. The combination of data presented above concerning the antibacterial activity of RJ acids and their content in honey (Isidorov et al., 2011; Isidorov et al., 2015) allows us to conclude that they are just "unknown compounds of bee origin" with bacteriostatic or bactericidal activity (Bogdanov, 1997; Kwakman et al., 2010a) . RJ acids may influence microorganisms individually or participate in additive/synergistic effects with other antimicrobial agents such as hydrogen peroxide, methylglyoxal, polyphenols and the bee protein defensin-1. o C in the split (1:50) mode. The helium flow rate through the column was 1 mL/min. The initial column temperature was 50 o C, rising to 320 o C at 3 o C/min, and the higher temperature was maintained for 15 min. The MSD detector acquisition parameters were as follows: the transfer line temperature was 280 o C, the MS source temperature 230 o C and the MS quad temperature 150 o C. The electron impact mass spectra were obtained at 70 eV of ionization energy. After integration, the fraction of separated components in the total ion current (TIC) was calculated. To identify the separated components, both mass spectral data and calculated linear temperature-programmed retention indices (I T ) were used. Mass spectrometric identification was carried out with an automatic system of GC-MS data processing supplied by NIST and home-made mass spectra libraries. The latter contains more than 1750 spectra of TMS derivatives prepared from commercial preparations of flavonoids, other phenolics, terpenoids, aliphatic acids, alcohols and carbohydrates. Retention indices were calculated from the results of the separation C 8 -C 40 n-alkanes solutions in hexane and the TMS derivatives. The obtained I T values were compared with NIST collection (NIST 2013) as well as with the authors' previously published data Isidorov et al., 2014a; 2014b; . Identification was considered reliable if the results of a computer search in the mass spectra library were confirmed by the experimental I T values, i.e., if their deviation from the averaged literature values did not exceed ±10 u. i. (inter-laboratorial deviation for low polar stationary phases). Apart from the semi-quantitative composition (total ion current fraction) of extract, Tab. 1 contains some analytical parameters that were used to confirm the results of identification (calculated and literature retention indices, m/z values of the most intensive ions in the mass spectra, and the mass number of molecular ions M + , if detected in the mass spectra). The list of identified substances includes 28 TMS derivatives of C8, C10, C12 and C14 hydroxyacids whose share in the total ion current is 91.8%.
